Using a stereo pair of HiRISE images of a pole-facing crater slope at 38 o S, 218 o E, we mea-1 sure topographic profiles along 9 gullies. Typical slopes of the interior channel region (above the 
Fluvial Sediment Transport

117
Theory
118
One of the major unknowns regarding the formation of Martian gullies is the degree to which 119 water is involved in transporting sediment. Proposed gully formation hypotheses span the range 120 from dry flows to wet debris flows to fluvial transport. Head et al. [2008] suggest that the 121 dominant sediment transport process changes with time as a gully evolves. Here, we focus 122 on fluvial sediment transport as one end-member in this spectrum of hypotheses in order to 123 determine whether it is consistent with the expected timescales and water volumes available for 124 gully formation.
125
There are a number of fluvial sediment transport predictors used to estimate sediment dis-126 charges for a given channel. These predictors utilize empirical data of sediment discharge and 127 relate it to quantifiable physical properties of stream channels such as slope, sediment grainsize, prediction function developed by Smart [1984] . This predictor is referred to as a sediment (1)
where ρ s , ρ, g, and D 50 are the sediment density, fluid density, gravity, and the median sediment 152 diameter, respectively. The Einstein transport parameter (φ) and the non-dimensionalized shear 153 stress (τ * ) are
where S is the local slope, h is the channel depth, τ = ρgh sin(S) is the bed shear stress and K is a constant. The second equality in equation 2 arises when τ * τ * c and slopes are low. C s is 157 a friction factor (≈ 4.5) given by the ratio of the shear velocity to the mean flow velocity and 158 taken to be constant, while τ * c is the slope-corrected critical Shield's stress [Smart, 1984] . shown in Figure 3b ,c is calculated assuming a constant friction factor C s = 4.5 and using
where q w is the water discharge rate per unit width. 
Numerical Model
190
For a two-dimensional geometry, the evolution of channel elevation H as a result of lateral 191 sediment transport is governed by a continuity equation:
where φ is the sediment packing density and x is the downslope coordinate. Here the second relation makes use of equations 1 and 2, and shows that channel elevation is governed by a 194 non-linear diffusion equation which may be solved using standard finite-difference techniques.
195
We implement a numerical version of equation 5 in which gully and apron geometry in the third 196 dimension is crudely accounted for.
197
For the gully geometry, we assume that the channel, or alcove, flanks remain at the angle of 
Here ΔV is the change in volume in a grid-cell of length Δx over a time step Δt, and ΔH is 
209
Solving for ΔH using the quadratic equation gives
Sediment conservation on the depositional apron requires using the Exner equation to calculate 211 elevation change [Parker , 1991a,b] . Assuming the fan is radially symmetric with an opening 212 angle, θ of 60 o , the elevation change on the depositional fan due to a change in sediment flux is
213
given by
where r is the radial distance downstream from the fan apex and θ is expressed in radians. 
Parameters and Assumptions
221
In order to determine the range of timescales and water volumes needed to form gullies via fluvial 222 erosion, we must prescribe values for two unknowns: channel depth and sediment grainsize.
223
Channel depth is estimated by measuring channel widths in HiRISE images (observed channel the results are independent of grain size but that bed-load transport dominates; if a significant 239 fraction of the load is carried by suspension, then our derived formation timescales will be 240 overestimates.
241
As the slope shallows, the water velocity decreases (equation 4). Because water volume is 242 conserved in our model, the channel cross-sectional area must therefore increase downslope due 243 to the decrease in velocity resulting from a shallowing slope. For simplicity, we assume that the This "ramping up" of the channel dimensions is done in order to maintain numerical stability.
257
The simulations are run until a volume of material (6 × 10 5 m 3 ) has been removed from the 258 alcove region, consistent with the observations (Section 2).
259
Results
260
The result from a typical sediment transport simulation are shown in Figure 5 . This model primarily by the permeability. The flow rate will decline with time as drawdown of the aquifer 300 occurs, until flow eventually ceases (e.g. due to freezing).
301
As described in the Appendix, an approximate expression for the resulting discharge rate 302 can be obtained assuming that the channel depth is small compared to the aquifer thickness. In 303 a 2D Cartesian geometry this discharge rate (per unit width) may be approximated by:
Here T is the aquifer thickness, κ is the permeability, ρ = 1000 kg/m 3 is the density of water, 
318
As flow proceeds, the aquifer will experience drawdown, where the lateral drawdown distance 
331
However, these permeability constraints are determined by our choice of T max , δ max , and w a .
332
For instance, if we use the relief of the alcove region (≈ 100 m) as the maximum aquifer thickness,
333
then there is no permeability that satisfies both the groundwater discharge and drawdown length 334 restrictions. Based on the results shown in Figure 6b , either groundwater discharge occurs as a 335 single event lasting hours to months with small discharge rates from an aquifer several hundred 336 meters thick, or gully formation takes place over many episodes of short-lived (∼ minutes to 337 hours) groundwater discharge events from a thinner aquifer. The study by Heldmann et al.
338
[2005] also concluded that short-lived (∼ 10 3 s) flows were likely responsible for gully formation.
339
Although it is hard to assess the likely thickness of potential aquifers, clay-bearing layered 
342
We conclude that the gullies in our study region are unlikely to have formed by a single discharge 343 event; more plausibly, they were formed by multiple, short-lived discharges from a relatively lasted one day, the permeability required is then 10 −9 m 2 , consistent with the estimate by Manga of magnitude smaller than the discharge rates we inferred in Section 4, and will not result in 378 significant sediment transport as either bed load or suspended-load.
379
In Williams et al. [2008] , the obliquity must be high enough for atmospheric precipitation of such an eventuality cannot be dismissed entirely. Nonetheless, for this mechanism to work, it 389 requires a fairly complicated series of events: near-surface melting followed by downwards fluid 390 infiltration and storage for tens of kyr, followed by sudden, rapid release. 
Alternative Sediment Transport Processes
392
As mentioned in Section 3.1, this paper focuses on a transport capacity predictor from Smart
393
[1984] that is applicable in the absence of fine suspended sediment and in the absence of bed- appropriately by the Smart predictor, at least for shallow channels (Fig 3a) ; nonetheless, fur- extensive depositional apron than observed [Parker , 1999] .
412
Another assumption we have made in the simulations is that the soil is unconsolidated.
413
However, the Martian soil may have some strength due to the presence, for example, of an ice 
418
On Earth, the characteristics of the local colluvium can determine whether debris flow or 419 streamflow processes dominate [Blair , 1999] . On Mars, the permeability of the regolith is likely 420 to play a similar role. Furthermore, the deposition of atmospheric dust and/or the potential 421 presence of a ice table in the near surface may influence the permeability and therefore the 422 mechanism by which sediment is transported.
423
The sediment concentrations (up to 50%) derived in our models are somewhat higher than the 
456
In reality, gully formation may include a mixture of streamflow and debris-flow processes.
457
Differentiating between these end-member processes by remote sensing is difficult, illustrating 
where the similarity variable z = (μφ/κρgh 0 t) 1/2 x/2.
474
The Darcy velocity u is given by
Together with the definition of z, equations 12 and 13 may be used to derive the Darcy 476 velocity at the aquifer cap (z=0). Setting h 1 = fh 0 , the discharge rate per unit width q w is
477
Taking the factor f (1 − f ) to be of order unity then results in equation 9 where we have 
